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Abstract

The center of mass of the Bart i about which a
satellite orbits,is determinedby the nyass distribution
of the solid Earth (including the B arthy’sinterior), the
occans, and the atmosphere. Thie tracking silts, how-
ever arc all located on the Lithosphere only, and so
the network origin will not generally coincide with the
center of mass. Changes inthe vector oflset between
these two points, referred to as apparent geocenter
motion, are due to global scale 1novement of 1Nass.
In this study we have extended the approach used by
space geodetic techniques for determination of tidally
co b erent nearly diurnal and semidiurnal variations in
the Barth’s orientation to include geoceuter variations
due toy occary tides. We demonstrate the weaker oh-
servability of nearly diurnal retrograde motions in
and y, and hence the utility of their separation froin
theother equatorial terms. Wefind statistically sig-
nificant tertns at the 99.5% level ducto Oy, 1, Ny,
and My. The solutions, whichindicate geocenter mo-
tions at the few millimeter level per tide, compare
well with predicted values from theoretical oceany t ide
models and from TOPEX /Poseidon radar altimetry.

Introduction

The location Of the center of mass of the combined
solid Barth-ocean-at mosphere system relative to t he
the lithosphere-based, tracking-site-defined polyhe-
dron, generally referred to as the geocenter, undergoces
variations for much the saine reasous as variationsin
polar motion, universal time, and other geopotential
terms. T'he causes of these variations arenassredis-
tribution within and bectween the lithosphere, hydro-
sphere, cryosphere, and atmosphere.

Notethat whictiwe speak of variations inthe geo-
center position, it is in fact the relative motion of the

center of mass of t he whole Fart]y withrespect to the
tracking network that is measuted, and inthe absence
of externalforces, the center of mass cannotin fact
acccl('rate ininertialspace. Thus,in reality it is the
motion of the solid Farth, on which the tracking net-
work is located, thatis o n1ilomvl with the techniques
describedin this study.

Recent work using V1 BI by Herring and Doug
[1994] and Sovcrs et al.[1993] and satellite laser rang-
ing (SLR) by Wetkins and Lanes [1994] have clearly
demonstrated the effects of diurnal and semidiurnal
tides on polar motion and universal time. Thie obser-
vations of therotationalresponse of the Farth to these
global excitations provides a uscful constraint on tide
models. The geocenter, however, is sensitive to these
sate variations, and thus provides additional infor-
mation distinct from that of the Earth orientation
variations. In this paper, we extend the formulation
of Watkins and Fanes [1991] {6 estimate nearly diur-
nal and nearly sernidiurnal variations in the geocenter
ducto several significantoceantides. The results are
compared to the signal predicted by the ocean tide
nmodel of Sehwiderski[1980] based upon tide gauge
measureinet g and of the CSR3. 0 ocean tide model
of Kanes [personal communication, 1995]hased 11[)011
TOPEX/Poscidon radar altimeter data. Finally, we
compare to the predictions fronithe model of Brosche
and Wunsch [19¢ 13] based ent irely ontheoretical ocean
dynamics.

Method

We develop the expressions for the variations in
the geocenter following closely that for Farth orienta-
tion in Watkins and Fanes [1994]. This involves the
construction of the complex quantity ¢, defining the
geacenter variations in the @ and y coordinates; and
allowing for both prograde and retrograde terms, de-
fined as such by the tidatargument as opposed to the
rotation of the Larth. The definition for variations in
z is similar, but simpler, becatise retrograde and pro-
grade variations are not applicable. Thus beginning
with o and y:

N
g=Y [ot g = a4 iy,

s=1

where 05 is the instantancous phase of the particular
tide in questi on, and ¢t and ¢°7 are complex pro-
gradeand retrograde subdiurnal geocenter iotions
modulated by the tidal frequency. As above, we de-
fine the real and imaginary parts of ¢*% and g*~ in



terms OF the usualay and y, components as:
gt 4yt

0° 7 = ayT Ay

where .1(}‘* ) Xy z/ and ?/q are the real vari ables
to he estimat ed usmg the SLR data. Similarly, high
frequency variations in the z-component are modeled

as:
N
L (25 cos(0s) 4 23" sin(dy)]

where zp@and 20 are the realparameters to hees -

lnndlul For cach of thea, y,andz  components,
the index s varied over 5 significant nearly diurnal
ocean tide frequencies W1, S1, Py, Oy, and @, and 4
significant nearly semidiurnal tides Ko, So, My, and
Ns. These are the largest ocean (ides as necasured
by equilibrium amplitude, and have been shown t o
contain the majority of power in subdiurnal Eart h
orientation variations. Wenote that the Sijtide llas
a siniall ocean tide amplitude, but a poten tially large:
atmospheric componeut, and henice we liave chosen to
include it.

Observability

T'he inseparability of retrograde nearly diurnal po-
lar motion from nutation (or precession in the case
o f zero frequency) has been well docur nented in the
discussion o f VLBI observations of subdaily varia-
tions in Farth orientation. Several references have
also deamonstrated the inseparability of precession
and nutation from the orientation of a satellite or-
bit ininertial space [Lambeck, 1971]. Hence it fol-
lows that nearly diurnal retrograde polar motion vari-
ations are inseparable from orbital variations, and
hence Watkins and Aants [1 994] providedno solution
for these terims. Here we pursue a similar approach
to investigate the observability of the subdiurnal geo-
center variations, Consider the geocenter variations
in the inertial frame:

G = gct®

where G = Xy 4¥, is the gcoconlcr motion in the
inert ial f:dmc g = 4 iyy 1s the geocenter mo-
tion in the body fixed fir ame,and 0 is sidereal tite.
Then substituting the expressions from ahove for
in tertus of prograde and ret rograde terms and recog-
nizing that:

0, = 0, 4 m0

2

whercmg is 0, 1, or 2, for long period, divrnal, or
semidiurnal tides, respectively. and 0,7 is t he t idal
arguiment without the sidere al tine term, yields:

E[gs«} (‘1'9: (i[(ms+1)9] 4 ys- (»iﬂz (‘»i[(msfl)('}]]

s =1

Therefore for g = 1, the second termn will be long
period in the inertial frame. This is the diurnal retro-
grade term, and as descrided ahove, it is possible for
polar maotion to express this termm as a linear conbi-
nation of orbit elements, and hence 1s unobservable.
For geocenter, this term does not sceinn 10 be truly
unobservable, but it is considerably weaker, as niea-
sured by the covariance of the adjusted values, even in
simulation. The conclusion is that while one cannot
exp ress the geocenter vaniatious exactly interms of
orbit elements, the orbit can partially acconnnodate
such variations) andthe solution is weakened by the
correlation.

Solution

A soht tionwa s porforinedas described above us -
ing nearly 18 years of Lageos dataspanning the period
May 1976 to February1995. Over 70[)).00” threcor
two tninute normal points from over 110 tracking sites
formed this data set. T'hemodels used inthe data
analysis adhiered generally to the latest 1ERS conven -
tions [McCarthy, 1996], with several notable excep-
tions. The changes in the geopotential due to ocean
tides were modelled using an enhanced model which
included all terins, chosen from a degree and order
20 spherical harmonic expansion, with predicted per-
turbations that exceeded 1 mminthe radial, normal,
or transverse coponents of the orbit. The nominal
coeflicients were derived from Sch widerski [1980], as-
smmning linear admittances, with a subset of terms ad-

justed from a multisatellite solution, Thesolid tide

model was expanded to include geopoteutial varia-
tions due to third deg ree terms assuning the Love
number, kg, of 0.093 [ Wahr, 1981]. The free core nu-
talmnponod was 430 days. ‘3 he reference frame was
fixed to the CSRYHLO1 systein of Fanesand Walkins
[1995] detertmined from analyses of the entire Lageos-
land -2 missionus. Site-(I(1]cil(Icllt nuisance paratne-
ters such as range or clock biases were adjusted where
necessary.

In the estimation process, meanorbital elements
(excluding the nodal longitude), 2, y,, and UT1 were
adjusted every 3 days, along a with single adjustinent



of the s and y prograde and retrograde geocentervari -
ations and z geocenter variations for the nine tides
described carlier.  Yartl v orientation variations due
to these same tides were also adjusted.In addition
three diurnal tides and three senmdiurnal tides with
vanishingly small predicted geocenter signat ure due
to their sinall amplitude were adjusted for use as coti-
trolsinerror analyses. These tides had Doodsonnum-
bers 166.504,173.655,153.655, 277.555, 2G3.6H5, and
225. 855, With the above modelling and parametriza-
tion, the weighted post fit raiige residual rins over the
entire data span was 23 millimeters, with fits i the
later years generally aroundIdmithimeters.

Results

T'he results for the geocenter variat jons al each
tidal frequency are presented in Table 1, alonig with
their respective uncertainties.  These uncertainties
were derived by scaling the data weight assigned to
the laser ranges so that the uncertainties for adjusted
parameters for which externial calibrations are avail-
able, such as site positions aud velocities and subdaily
variations inl arthorientation, areaccurate. There-
fore the uncertatuties in Table 1 should be considered
as reasonable b est estimates rath er th all formalvial
ucs.

Notethe larger uncertainties associated withthe
retrograde diurnal geocenter variations, due to the
difficulty inscparatinglong period orbit error from
these variations as discused carlier.  ‘1'1)[ obsorved
variations for these It'rills, do not, however, appear
unreasonably large. The variations iu the z cotnpo-
nentare only slightly more poorly determined than
their semidiurnal and prograde diurnal cquatorial
counterparts, due most likely to geometric distribu-
tion of the tracking network resulting 1 fewer high
latitude sites.

A comparison of the observed geocenter variations
1,- 1) withthose predicted by the ocean tide models of
Schwiderski [1 980)(Sch), Broscheand Wunsch (1 993
(BW),and with the occan tide model CSR3.0 ('1'/27)
recently computed from TOPEX/Poscidon altimeter
is provided as Table 2.1u this table, the values from
Table!, as well as the computed predictions from the
ocear t ide mod els ha ve been converted to aconsistent
system to allow easy comparison. Finally, we note
that the BW results w e r e expressed in their paper
with the opposite sign convention to the results in
Table 1, and their convention has been adopted for
Table 2. The conversions from Table 1 are expressed

helow.

8 - s ORI
!/--}_ —AST e x)

¢ = - AT AT

gt = A eos{d:" = 1) 4 sin(é: " =)

whiere the A’s are the amplitudes and the ¢'s the
phases given in Table 2 for the appropriate terms,
and \* = 4 90 degrees for Ni | 200 for Oy Py, and
@, and () degrees for all semidiarnal tides,

The  agreement botween the Lageos obser vations
and the ocecan tide predict jons, particularly those
from t he (XSR3.0TOPEX/Poscidon model is gener-
ally good. The agreement is a tittle worse for the
retrograde dinrnal terms. Finally, the Schiwiderski
prediction for Aly is clearly aniouther with respect
to the other tide niodels and the Lageos observations.

Error Analysis

Strong evidence insupport of the above uncertain-
tics is thesmallsize of the estitates for the control
tides. These tides should produce geocenter varia-
tions with amplitudes of less than 0.5 nnnin all com-
ponents. By assutning that all of the observed geo-
center Viiriatio]ls al these frequencics are ducio Other
errors, we canobtainanestimate of their sire. While
the uncertainties were comparable to those obtained
for the tidal frequencies p resented in Table 1, the rms
of the adjusted terms in the o and y components was
(.3 mmfor the prograde diurnal variations, ()..5 nn
for theretrograde diurnal variations, 0.2 mm for the
prograde semidiurnal variations, and ().2 mn for ret-
rograde semidinrnal variations. Theseresults give a
good indication of the relative accuracy of the pro-
grade and retrograde dinrnal terins. The rins of the
estitnates for these tides in the z component was (). 3
mm for the diurnal tertus and 0.2 mun for the semidi-
urnalterms.Noune of the adjusted variations for these
tides exceeded t wice t Leir respective uncertainty.

Occan loading errors are also a potential contrib-
utor to errors inthe geocenter variations since they
occur at the same tidal frec uencies,  Howeve r, due
tothe averaging of p otentiall y random oceanloading
crrors at cachisite over the large Lageost racking nei -
work, it ay reasonably be assumed that the systens -
atic effects would be small. ‘lo determine an upper
bound on the effect of occan loading errors, we have
performed our solution with and without the entire
It SRS standard radial ocean loading model, and dif-
ferenced the resulting geocenter variations. Therms



differences were less than one millimeter for all comn-
ponents. We expect the effect of the horizontal terms
to be even smaller.

Conclusions

The ability to observe tidally colierent variations
in the position of the center of mass of the Fart iy
with respeet to the tracking site polyhedron located
onthe solid Earthatbelow the millitueter level has
heen demonstrated usiug several years of highqual-
ity tracking data for the Lageos satellite. Tie vari-
atious ohserved with most confiden ce generally agree
well with those predicted by ocean tide models. The
retrograde diurnal variations have been shown to be
somewhatless accurate thanthe prograde terins, but
1101 unobservable.
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Table 1. Observed Tidal Variations in the Scocenter
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Table 2. Comparison of Qbserved and Predicted Geo-
ce nter Variations

Solution _ Prograde Retrograde z

“Awmp  Pha  Awmp  Pha  Awp  Pha

0O, s 1.2 923 05 46 2.4 282
BW 0.9 7 1.6 38 11 251
/P 1.0 21 0.6 80 29 278
11 1.2 24 20 35 33 278

1 Sell 06 11 0.2 79 13 286
BW 0.6 9 0.4 56 1.4 287
/P 0.6 355 0.3 75 1.h 284
1-1 0.8 922 0.6 248 2.2 279

li, Sell 2.0 13 1.0 93 43 283
BW 2.1 4 1.4 51 3.8 285
/P 1.9 353 1.0 81 4.6 286
1-1 2.9 0 1.8 105 b2 276
N,  Sell 0.7 323 0.5 250 0.3 1)

13w 0.3 12 0.2 238 08 28
/P 0.2 5 03 28 05 26
1-1 0.6 330 0.7 267 04 359
M. Sch 35 326 1.6 314 10 73

W 14 17 1.5 455 {0 19
‘T 0.8 355 1.4 300 2.1 45
1-1 11 323 1.8 326 3.1 29
Sy Sell 16 270 0.4 49 0.4 59

Iw 07 320 0.9 3h2 1.3 130
/P 0.2 315 0.6 343 0.9 Y
1-1 05 339 13 42 11 4)

Al amplitudes inmillimeters, All phasesindegrees



